99mTC (single photon emission computed tomography) (HMPAO SPECT) was carried out during 16 frontal-lobe seizures in 15 patients. Focal changes in regional cerebral blood flow were seen during all seizures. In 9 of 16 seizures SPECT showed hyperperfusion localized to one frontal lobe. In I of 16 seizures ictal hypoperfusion was seen in one frontal lobe. In 2 of 16 seizures there was hyperperfusion in both frontal lobes, and in 4 of 16 seizures hyperperfusion involved the frontal lobe or lobes plus other lobes of the brain. These changes were accompanied by hyperperfusion of subcortical structures in I3 seizures.
INTRODUCTION
Single photon emission computed tomography (HM-PA0 SPECT) has been used as an adjunctive localizing technique in mesial temporal lobe epilepsies, and interictal, ictal and postictal patterns of blood flow are well described'-'". Regional cerebral blood flow (rCBF) patterns in extratemporal seizures are less-well characterized, but recent publications, which include ictal SPECT data from some frontal lobe seizures, have suggested that rCBF patterns in frontal lobe seizures differ from those seen in mesial temporal lobe seizures'5-'9.
The study of frontal lobe seizures using ictal HMPAO SPECT poses certain technical challenges. Frontal seizures may be short20. One of the above studies, of ictal and postictal SPECT in extratemporal seizuresi9, has noted that postictal injection after short seizures is unlikely to yield useful rCBF changes, an observation which mirrors our own experience. Ictal injection is therefore mandatory. This requires close clinical observation, and a wellestablished and smooth mechanism for carrying out injection with minimal delay.
We have been able to carry out ictal HMPAO 1059-l 31 l/97/050393 + 09 $12.00/O SPECT in 15 patients in whom clinical, EEG, and MRI data suggested frontal lobe origin for seizures.
PATIENTS AND METHODS

Patients
Fifteen patients were studied with ictal HMPAO SPECT as part of their presurgical assessment for intractable epilepsy. Clinical, MRI and EEG localizing data are summarized in Table 1 . All had clinical evaluation, interictal EEG recordings, video EEG recordings of seizures, MRI, and neuropsychological assessment. The age range was from 6 to 38 years. Seven were female, eight male. Twelve of 15 patients had frontal lobe lesions on MRI.
lnterictal EEG
Anteriorly distributed epileptiform EEG abnormalities were found on interictal EEG recordings in 14 of 15 patients whereas one patient had normal interictal EEG.
Q 1997 British Epilepsy Association All patients had multiple (at least three) seizure recordings. In all patients the surface ictal discharge was frontally distributed. In 11 of 15 patients the discharges were unilateral, or dominant on one side, in 4 of 15 bilateral (see Table 1 for ictal discharge morphology).
Invasive EEG studies and operative results
One patient (pt 1) had depth-electrode studies, and four (pts 5, 7, 10, 14) had placement of subdural arrays. In all these patients, ictal SPECT data was taken into account when placing electrodes: the placement was chosen to take into account localization hypotheses suggested both by SPECT and other data. In all five patients ictal invasive recordings confirmed frontal origin for seizures. Patients 3, 5, 6 and 7 had frontal resections producing either freedom from seizures (pt 3) or a 90% + reduction in seizure frequency. Patient 8 had a 30% reduction in seizure frequency 1 year after operation (he had changed seizure semiology postoperatively, with adversion now to the right), and patient 15 had a 50% reduction in seizure frequency at the same interval from operation. Patient 10, whose epileptogenic zone was shown to be in the dominant frontal operculum, had subpial transection of the area, resulting in a 50% reduction in seizure frequency for 6 months, but subsequent relapse. Patient 11 is awaiting surgery. No surgery is planned in patient 1 as depth recordings showed regional frontal onset which was not clearly lateralized, and in patient 14 in whom subdural recordings confirmed left frontal origin for seizures but suggested that the epileptogenic zone involved the dominant supplementary motor area. Patients 2, 4, 9, 12 and 13 were not operated on because it was considered that the epileptogenic zone was near or in primary motor cortex.
SPECT method
Patients were injected with 500 MBq of 99mTC HM-PAO. Interictal injections were carried out with eyes closed in the recumbent position in a quiet room. Acquisition was carried out within 1 hour of injection. Injection was carried out more than 24 hours from the last seizure, except in seven patients in whom seizure frequency was too high (see Table 1 ). Ictal SPECT was carried out as previously described1-3,8-'6, with ligand and 99mT~ pertechnetate being stored near the patient ready to mix and inject. In four patients in whom seizures were very brief but very frequent, the ligand was mixed, and the seizure then awaited.
SPECT injections were timed with respect to clinical-seizure onset, as simultaneous surface EEG recording was not open to us. In a previous study of temporal-lobe seizures' we found that the results were comparable with data obtained when EEG timing was used. None the less, the short duration of many frontal-lobe seizures makes accurate clinical timing difficult, and simultaneous EEG recording would be likely to improve its accuracy. We have ensured that our images were truly ictal by injecting only during the known ictal seizure manifestations of each patient, as determined from comparison of video-EEG recordings of their habitual seizures. The ictal manifestations of the seizure recorded using SPECT were observed directly by the doctor who carried out the injection.
The acquisition was carried out using a Strichman 8 10 dedicated head imager. A series of 12 mm overlapping slices sufficient to image the whole brain were acquired in the axial plane. In practice this usually meant that 20 slices were acquired, each taking 3 minutes per slice. The software supplied with the Strichman system allows reformatting and reslicing in any plane. MRI data was imported into the system, which can co-register SPECT and MRI datasets using a 'least sum of squares' paradigm, allowing localization of abnormalities with reference to anatomic data.
The timing of HMPAO injections is given with respect to clinical seizure onset. The semiology at the time of injection is specified in Table 2 .
Interpretation of SPECT images
As in previous publications8* '&16, SPECT images were reviewed independently by two investigators, disagreements being resolved by consensus conference. The review was carried out blind to other localizing data, and to any data other than the diagnosis of epilepsy.
RESULTS lnterictal rCBF
Interictal rCBF showed deficits in keeping with MRI lesions in 10 patients. no patients with no MRI lesion showed focal defects in rCBF in the frontal lobe, and three patients had normal interictal rCBF. lctal rCBF tical structure (Fig. l) , but in the others changes were more complex, involving in one patient (pt 5) All patients showed ictal changes in rCBF in one or both frontal lobes, and all showed changes in at least one subcortical structure. In four patients (pts 4, 7, 14, 15) the changes were relatively simple, involving a frontal lobe area plus one subcorthe frontal lobe and all the subcortical structures, as well as hypoperfusion of the cortical mantle contralateral to the focus (Fig. 2) . The changes seen are detailed in Table 2 and in the text below. Frontal lobe hyperpetfusion. In 15 of 16 seizures there were areas of hyperperfusion in one or both frontal lobes. In 10 of 16 seizures this consisted of a single focal area of hyperperfusion in one frontal lobe. In 1 of 16 seizures the whole frontal lobe was involved, and in a further 4 of 16 seizures there were bilateral focal changes. lctal hypopetfusion. Ictal hypoperfusion was seen in 6 of 16 patients. Rvo patients (pts 5 and 11) with focal frontal hyperperfusion in close relation to MRI lesions, shown by operative result to have been the source of the seizures, had contralateral hemispheric hypoperfusion. One patient (pt 6) with bilateral lateral frontal hyperperfusion had slight unilateral hemispheric hypoperfusion. One patient (pt 14) with focal frontal hyperperfusion had a small area of hypoperfusion in the frontal,cortex just posterior to it. One patient (pt 2) had focal frontal hyperperfusion with bilateral temporal hypoperfusion.
One patient (pt 15) had unilateral frontal hypoperfusion with no discernible hyperperfusion.
Temporal lobe hyperperfusion. Both seizures showing bilateral hyperperfusion in the orbital frontal cortex extending into the lateral frontal cortex (in pts 3 and 8: note patient 8 had two seizures recorded) also showed temporal hyperperfusion (Fig. 3) . The pattern was similar in both seizures, with hyperperfusion confined to the poles and mesial cortex. Changes in the basal ganglia and thalamus. Nine of 16 seizures featured hyperperfusion of the basal ganglia. This was bilateral in five seizures (of which four showed bilateral frontal hyperperfusion), and unilateral or predominantly unilateral in three seizures, in all these cases ipsilateral to unilateral frontal hyperperfusion. In one patient (pt 15) thalamic hypoperfusion was ipsilateral to ictal frontal hypoperfusion. 
Concordance of ictal SPECT and invasive EEG data
Patients 1, 5, 7, 10 and 14 had invasive EEG recordings. In pt 1, a bilateral stereotaxic implantation of depth electrodes failed to lateralize or localize onset, but did confirm frontal origin for seizures. In pt 5, subdural recordings showed seizure origin and interictal spiking over an area of the left medial and dorsolateral frontal cortex of a similar extent to the ictal hyperperfusion. In pts 7 and 10, ictal hyperperfusion also approximately corresponded to the epileptogenic zone, as indicated by subdural recordings.
In pt 14, a combination of subdural array and strips suggested seizure onset in the left supplementary motor area, in the posteromedial frontal cortex. Ictal SPECT showed only hyperperfusion of the dorsolateral frontal cortex, just anterior to the motor cortex. There was, therefore, a within-lobe discordance in the localizing information provided by subdural EEG and ictal SPECT in this patient.
DISCUSSION
The results of ictal SPECT in the present series of patients agree with the results of previous series '5-'7,'9 in suggesting that patterns of perfusion seen in seizures of frontal lobe origin differ from those in seizures of mesial temporal lobe origin. Two patients did have hyperperfusion of the anterior parts of the temporal lobes, and also had prominent bilateral orbital frontal hyperperfusion. The pattern of temporal lobe hyperperfusion seen was quite different from that seen in mesial temporal lobe seizures (Fig. 3) , and might be explained by the effects of propagation of an orbital frontal seizure discharge into the anterior temporal lobes. The ictal rCBF patterns seen in several of our patients were remarkable for their complexity, in some cases involving two frontal areas of hyperperfusion, with hyperperfusion involving more than one subcortical structure, and in some cases hypoperfusion too. By contrast, some patients showed only a single focal area of hyperperfusion. While one can postulate that such variation is due to activation of structures through differing propagation pathways, this is not something that could be determined from the largely non-invasive EEG data available in our patients. There was certainly no obvious difference in seizure semiology or MRI findings which would readily explain the difference. HMPAO is taken up into the brain over a 40-second period, and the image is an average of rCBF during this time. This lack of temporal resolution limits the possible effect of variation in timing of the injections on the final image of rCBF, although one could not completely exclude such an effect from the present data.
The patient showing ictal hypoperfusion only was injected during adversion. Although he was not injected at the same time as his EEG recording, his habitual surface ictal discharge was focal spike and wave. We have two further patients (unpublished data) whose ictal discharge consists of focal spike and wave who show hypoperfusion only during the ictal phase. Widespread hypoperfusion and hypometabolism is associated with spike wave discharges in animal models of focal epilepsy21-23, with small focal areas of hypermetabolism and hyperperfusion. If analogous changes were taking place here, then very focal hyperperfusion might well be beyond the resolution of even a high-resolution SPECT system. Changes in basal ganglia perfusion have been reported in seizures of mesial temporal origin13. From the present data, they also seem to be a feature of frontal seizures, and were noted by Marks et al 15, as were cerebellar changes. Thalamic changes have been reported in mesial-temporal seizures13, and were seen in the majority of our patients. Hyperperfusion of the brainstem has not previously been reported.
Hemispheric hypoperfusion is commonly seen in association with temporal hyperperfusion in mesial temporal seizures, in reported cases ipsilateral to seizure origin 2*3, ". Clear hemispheric hypoperfusion was seen in only 2 of 15 of our patients. In both cases hemispheric hypoperfusion was contralateral to seizure origin (one patient so far has localization confirmed by focal resection), and in both cases contralatera1 to frontal hyperperfusion adjacent to a structural lesion. One patient had left frontal hyperperfusion (adjacent to an MRI lesion) with profound bilateral temporal hypoperfusion. These patterns do not appear to have been reported previously in association with focal seizures of any type. Newton et al I9 noted no hypoperfusion in five frontal lobe seizures, and Marks et aZ" did not report it in their five seizures.
In terms of congruence between SPECT and EEG data, pt 14 was individually interesting. Subdural electrodes were placed over the area of ictal hyperperfusion in the lateral frontal cortex and extended (for reasons of the seizure semiology) medially into the interhemispheric fissure over the supplementary motor area. Ictal recordings suggested supplementary motor area onset, thus confirming localization to that frontal lobe but disagreeing with SPECT data as to the localization within the frontal lobe.
Ictal SPECT localizes seizures of mesial-temporal origin2v3.7,8,11,13* 14 and has recently been evaluated in extratemporal seizures '&19. All the seizures studied in the present series showed perfusion patterns different from those seen hitherto in temporal-lobe seizures. These patterns show a considerable heterogeneity, both in cortical and subcortical structures. Ictal SPECT localized to one frontal lobe in 14 of 16 seizures. The correlation with other localizing data was good, thus providing evidence of the localizing value of ictal SPECT at lobar level. The localizing . value of ictal SPECT at sub-lobar level, and the significance of the different patterns of perfusion seen, remain to be studied. Whether the localizing data provided by ictal SPECT is used in combination with non-invasive EEG data to allow operation, or whether it should be used rather to help with the placement of intracranial electrodes also requires further study.
